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STUDY OF ABUNDANCE ANALYSIS OF STARS IN THE
SPECTRAL RANGE B5 THROUGH G2

Final Report

Over the last year, considerable progress was made in attacking two
problems — the blue stragglers, and the evolution of stars above the horizontal
branch in globular clusters. In addition, significant progress was made in
understanding the so-called super-metal-rich phenomenon in Population I
K giants. A brief summary of progress in each area is included below, and
attached to this final report are two preprints ("A Study of the Blue Stragglers
in the Open Cluster NGC 7789" and '"On the Evolutionary Status of Stars Above

the Horizontal Branch in Globular Clusters').

l. The Blue Stragglers

A 2-year photometric and spectroscopic study of the bglu.e stragglers in
the galactic cluster NGC 7789 was completed at Kitt Peak National Observatory.

The essential results are as follows:

A. The masses of the blue stragglers are identical with the masses of
main-sequence stars at the same location in the HR diagram. This result
rules out the possibility‘ that the blue stragglers, having already evolved
through the red-giant region, are on or near the main sequence for the second

time in their evolutionary history.

B. Of four thoroughly studied blue stragglers, all were found to be radial-
velocity variables. Although no periods were derived, these observations and
independent ones by Deutsch and Peterson at the Hale Observatories provide
strong evidence in favor of a binary origin for the blue stragglers. The

results of this study are to be published in the November Astrophysical Journal.
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2. Post Evolution of Stars above the Horizontal Branch in Globular Clusters

A spectroscopic survey of 14 stars lying above the horizontal branch in
the globular clusters M3, M5, M10, M13, and M15 and NGC 6712 provided
convincing evidence from radial velocities that these stars are indeed cluster
members. From an evolutionary standpoint, these stars above the horizontal
branch seem to divide into two groups. The first, encompassing the majority
of the stars studied, lie approximately 0.5 to 1.5 mag above the horizontal
branch and approximately 0.1 to 0.2 redward of the blue and of the HB of the
appropriate clusters. A collaborative study with Icko Iben and Robert Rood
at M.I. T. suggests that these are stars that have left the horizontal branch
after exhausting helium in their cores; they are currently evolving toward
the asymptotic giant branch, derivingtheir energy from helium and hydrogen
burning in two shells. The remaining, much smaller group are considerably
more luminous and have much higher effective temperatures (L/LG on the
order of 1000, Te on the order of 20,000 to 35,000 K). At least two of this
group exhibit overabundances of nitrogen and oxygen and possibly of carbon.
We believe these to be the descendents of stars that have ascended the giant
branch for the second time. They are probably burning helium in a shell and
will soon be headed for white-dwarf status when this energy source is
exhausted. They appear to be analogous to the central stars in planetary
nebulas. We have also found preliminary evidence in favor of mixing along
the asymptotic giant branch and believe that this phenomenon is related

intimately to the question of super-metallicity of Population I K giants.

3. Super-Metal-Rich K Giants

Joint work with Duane Carbon at the Smithsonian Astrophysical Observatory
has provided some insight into the super-metal~rich K~giant phenomena.
Analysis of 11 K giants, 5 of which were classified as super-metal-rich by
Spinrad and Taylor, shows that in all but one case, the overall metal-to-
hydrogen ratio in the super-metal-rich K giants is enhanced by less than 0.2
dex. The apparent line enhancements in the super-metal-rich K giants arise

from a combination of enhanced microturbulence and an alteration of



temperature structure near the boundary as a result of increased molecular
band strengths. The details and implications of this work will be further

discussed in a paper currently in preparation.

It is also noteworthy that the funds from this grant have supported the
purchase of much-needed auxiliary equipment for a PDP-12 computer sys-
tem, which will, within the next 6 months, provide a system for very rapid
analysis of stellar spectra. The State University of New York at Stony Brook
purchased a Grant rmicrophotometer as well as the basic PDP-12 system.
Software currently being developed will provide for active control of the
microphotometer by the computer, very rapid tracing of most spectra (less
than 5 min), and sophisticated programs for display and analysis of stellar
spectra. We hope in subsequent reports to provide further details of the
system, which we expect to be of considerable importance in speeding up the

study of stellar spectra.

The remainder of the funds in this grant have supported several neces-
sary trips to the Kitt Peak National Observatory by the principal investiga-
tor and K. M. Strom. These observing runs of course provided the basic

material for the studies reported here.
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ABSTRACT -

Image-tube spectrograms and Strimuren 4-color and H3 photometry were obtained for twelve pos-
sible blue-stragaler membiers of the open cluster NGC 7780, Membership was establizhed for seven of
these twelve Due-straguler candidates. From the data obtained, it was possible to test three competing
hypotheses tor the erigin of these stars. Frtimates of masses based on a match of our photometry with
model atmospheres show thut blue strasglers have masses aporopriate 1o their location in the color-
magnitude diagram. Furthermore, of four blue-strageler members studied carefully for radial-velocity
variations, all four exhibited definite chanzes in velocity. These observations suzzest strongly that blue
stragglers are members of binary systems in which mass exchange has taken place.

I. INTRODUCTION

Several globular clusters and a few fuirly old open clusters (for example, M3, M67,
NGC 7532, NGC 7789) contain stars which fall close to the main sequence but whict
extend a few magnitudes above the turnoff point of the cluster. These stars have been
called **blue straggelers.”

Various theoretical explanations have been offered to explain the anomalous location
of the blue stragglers in the H-R dingrams. Among the most reasonable are the following:

1) The blue stragglers are representatives of a new generation of stars, born later
than the majority of cluster members.

2) These stars are on (or very near) the main sequence for the second time. Possibly,
a sutlicient amount of the hydrogen in the envelope was transported to the interior
during the helium tlash to sustain a second (shorter) hydrogen-burning lifetime near
the main sequence (see Rood 1970).

3) The blue strugglers are members of close-binary svstems in which mass exchange
has taken place (McCrea 1964; van den Heuvel 1968). On this picture, the present pri-
mary is believed to have an original muss less than the mass of stars at the turnoff,
M... The mass of the original primary is slightly greater than 3. As the original
primary evolves, it fills its Roche lobe and berins to lose mass, most of ‘which accretes
on the surface of the secondary. As the secondary gains mass, it increases in luminosity
and moves up the main sequence 10 its present location; the original primary in most
cases becomes a white dwarf,
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Each of these three hypotheses has one or more directly observable consequences.
In hypothesis 1, the mass of the blue straggler, Mug, corresponds to its location in the
H-R diagram. For hypothesis 2, Mys > Mo; whereas hypothesis 3 has the following
consequences: B IS ; - B

@) Myus corresponds to its location in the H-R diagram.

b) All blue stragglers are members of binary systems, some of which should have
observable variations in velocity.

¢) I the initial mass of the original primary is much greater than My, it is possible

to form a blue straggler; however, a straggler formed from such a system would have:

evolved and not be visible as such todayv. Hence, the blue stragglers of highest mass
must have had initial mass ratios near unity, and as a consequence, Mps < 2M . Since
Myus < 2M ., the luminosity of the blue stragglers in a cluster cannot exceed the turnoff
luminosity by more than a fuctor of approximately 10,

In order to test these competing hypotheses, we chose to study the blue stragglers
in the rich open cluster NGC 7789 (Burbidge and Sandage 1938). The number and
brightness of the stragglers in this cluster were consistent with our goal of obtaining
fairly extensive spectroscopic and photometric observations in a reasonable time. TFor
each star,.we obtained Strémgren four-color and H3 photometry at the Kirt Peak
Natienal Observatory. Model-atmosphere caleulations can be matched with these
indices to predict the luminosity, Te, and mass for the blue stragglers. In order to test
the binary hypothesis, a series of spectrograms of the four brightest blue stragglers was
obtained with the KPNO Casseqrain image-tube spectrograph at dispersions of 30 and
35 A mm™. These spectra permit us to check for variations in radial velocity.

II. THE OBSERVATIONS

a) Membership

NGC 7789 is located in a fairly crowded region of the Milky Way (1! = 115 4il'=
—~35°). Hence, to avoid contamination from nicld interlopers, we felt tHat membership

of the blue stragglers should be established on the basis of measured radial velocities.

Unfortunately, to our knowledge, no published radial velocities are available for indi-
vidual stars in NGC 7789.

To establish a value for the velocity of the cluster, we obtained spectrograms in the
wavelength region 3000- 7000 A of K and M ziants in NGC 7789 at a dispersion of
127 & mm! with the KPNO image-tube spectrograph. The velocities were reduced
by using the Grant measuring engine at the KPNO. The mean velocity deduced for
three K glants is —40 + 8 km sec™!, which we adopt as the cluster velocity. In Table 1

TABLE 1

RADIAL-VELOCITY MEASUREMENTS FOR
BLUE STRAGGLERS IN NGC 77-89

Probable Error
) N Per Single RV PM
Star N (" Observation Member? Member?
(1) 2) (3) 4 (5} 6)
Kidd4. ... ... 1 ~16 . .- MC
K168....... 1 -21 ven o MC
Ki197....... 1 -31 eee M MC
K234....... 1 —26 A M? MC
K342..... .. 7 —45 +13 M MC
K349....... 1 —34 ... M MC
K3rt....... 4 —56 + 6 .. MC
K409.... ... 7 —20 +17 M? MC
K453....... 8 —41 +19 M MC
K799.. .« 12 -2 + 7 ... NC
K1168...... 1 —49 ... M? MC
8

-33

H+
—
oo

M MC

I



we list for the blue stragglers, the mean values for radial velocity, the number of ob-
servations, and the mean error per observation. These values are based on image-tube
spectrograms taken at dispersions of 30 and 35 A mm~% An M in column (3) indicates
those blue stragglers which we consider to be likely members. Of the twelve stars
studied, eight are probable members. We note in this regard the photometric observa-
tions of Osvath (1960} : He estimates from counts of blue stars within the cluster field
and in a nearby comparison field that two-thirds of the blue stars in NGC 7789 are
likely to be members, which is consistent with our results. We also indicate by MC and
NC, respectively, those stars thought to be members and nonmembers by Cannon
(1968) on the basis of a recent, unpublished proper-motion study-.

b) The Photomctry
In Table 2, we list the observed (b — ), m, ¢1, and 8 for all stars in our program,

TABLE 2
STROMGREN FOUR COLOR AND HB PHOTOMETRY FOR BLUE STRAGGLERS IN NGC 7789

N (Four-
Star Color) (b—y) m 21 N(Hg) B
Members
K197, ... ....... 2 0.304+0.019 0.118+0.005 1.118+0.029 3 2.867+0.061
K234, . ... ... 2 0.303+0.027 0.173-0.054 0.938+0.049 3 2.880+0.060
K3$2........... 5 0.1914+0.018 0.063 =0.026 1.057+0.040 6 2.872+0.021
K409.. ... ..... 6 0.253=-0.015 0.102+:0.023 1.0254+0.045 8 2.930+0.049
Ka433........... 9 0.227+0.019 0.040+0.027 0.913+0.021 11 2.792+£0.042
Ki168.......... 2 0.271+0.020 0.193£0.000 0.992+0.047 2 2.927+0.031
K121, ... ... 13 0.157+0.015 0.065+0.019 0.628+0.027 14 2.7184+0.018
Nonmembers
K44, ... ... ... 3 0.276+0.018 0.082+0.030 1.2154+0.002 3 2.902+0.027
Ki168........... 2 0.2580.021 0.119+0.041 1.060+0.043 3 2.8713+0.021
K371........... 6 0.277+0.017 0.119+0.021 1.1154+0.040 7 2.9144+0.054
Ki9g........... 17 0.245+0.014 0.160+0.019 0.936+0.031 17 2.867+0.034

along with the number of observations and the mean error per observation. Before
comparing the photometry with model-atmosphere predications, it is necessary to
correct the observed colors for the effects of intersteilar reddening. From their photo-
graphic and photoelectric L'BV observations of NGC 7789, Burbidge and Sandage
(1938) derive a reddening value Eg_p = 0.28. Although these authors give no value for
the expected error in this result, we estimate from their duta that —~003 mag is a
reasonable guess. We can also estlmate the reddening from the Lspectml types derwed /""’
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from our observations. In Table 3, we present for each star the estimated spectral type,

TABLE 3
REDDENING DETERMINATION FOR NGC 7789

Star Sp Type (B—1'1 (B—1) Ep_v
Members
Ki97. ... . .. AJ-\A3 V +0.12 0.18 +0.36
K234.... ... AJ-AS Y +0.12 0.48 +0.36
K342.......... BO-WOV —0.03 0.30 -+0.33
K349....... . .. A3V 4-0.09 0.43 +0.34
K409. .. ... ... Al-A2 W +0.04 0.40 +0.36
R433........ .. 30-00 V —0.03 0.36 +0.33
K168, ..., ... A3V -+0.09 0.43 +0.32
Kizt1. ..., .. B&-BOV —0.07 0.25 -+0.32
Nonmembers
Ki44. ... .. .. B&-ROV — (.07 0.41 +0.31
Ki68. .. .. BO-AO Y —0.03 0.4 0.11
R3rt..... ... .. AJ-AS VY +0.12 0.45 0.33
Ki99.......... AZp +0.04 0.39 0.33

the unreddened (B — I for that tvpe (Johnson 1963), the (B — V) inferred from the
observed (b — y) (Crawiord 1966), and the resulting color excess, Ep_y. From this
procedure we obtain fipy = 0.3+ + 0.01.

Finally, we obtain a reddening cstimate from the observed 3 and (b — y) values for
the stars later than AQ. However. because the [3, {6 — v ]-relation is still quite sensitive
to gravity for stars eurlier than FO, this determination’is of much lower weight. A value
of Epr=0.22 1 0.03 or Fp_- = 032 & 0.04 is deduced in this way. We adopt a
weighted mean value of £_p = 0.32 mag for the reddening to NGC 7789,

In Table 4 we present the mean values of (b — ), my, and ¢, corrected for reddening
for each star.

TABLE 4

UNREDDENED COLORS FOR BLUE
STRAGGLERs IN NGC 7789

Star (b—v)o mo ct®
Members
K197........... -+0.084 0.184 1.074
K234, ........ .. +0.083 0.239 0.894
K342........... —0.029 0.129 1.3
K409. ... .... ... +0.033 0.168 0.082
K433........... +0.038 0.183 1.016
K1168.......... +0.051 0.259 0.953
Ki211.......... —0.063 0.584 0.131
Noumembers
Ki4. ... ... .. -+0.036 0.148 1.171
Ki68........... +0.038 0.185 1.016
K37l........ ... +0.052 0.185 1.071
K799........... +0.024 0.226 0.892




TABLE §
DISTANCE-MODULUS DETERMINATION FOR NGC 7789

Apparent
Star Sp Type M, Vv Modulus
Members
K197. ... ... .... A3-A3 WV +1.7 13.3 11.6
K234.... ... .. A3-AR Y +1.7 13.4 11.7
K342........ ... DB9-AOV +0.3 12.4 12.1
K349......... . A3-A3 WV +1.7 13.3 11.6
K409, .. ... ... Al-A2 WV +1.0 13.0 12.0
K433.... .. .. BO-AO +0.3 12.7 12.4
K1168. ... .. ... A3V +1.3 13.2 11.7
Ki21t..... ... .. BS-B2 V -0.3 11.5 11.8
Nonmembers

R4, ... ... .. BR&-B9 V —-0.3 13.4 13.7
K168......... .. BY-AOV +0.3 13.8 13.35
K3it........... A3V +1.5 12.0 11.4
, 11.8 1.0

Kioo......... .. A2p +0.8

The distance modulus is computed from the data listed in Table 5. Here we present
the spectral tvpe and luminosity class, the absolute magnitude (Blaauw 1963) corres-
ponding to this classification, the observed F-magnitude, and the apparent modulus.
From this data we obtain (m — M) = 11.9 + 0.1 (m.c.). Burbidee and Sandage esti-
mate (m — M} = 12.2 £ 0.2 from the main-sequence slope und the location of the
turnoff point. We regard the agreement between these determinations as satisfactory.
With Ezp = 0.32 + 0.03, we predict a true distance modulus (m — M) = 11.0 &
0.13.
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7789 in the [3, (b — W~ [m1, (b — M-, and ¢1. (b — »]-planes. We superpose on these
plots the observed location of luminosity class 1TI-V stars as taken from Crawford’s
(1966) study. We note immediately that almest without exception, the location of the blue
stragglers in these plols afpecrs to be consistent s ith that of normal main-sequcnce .1 and B
stars. The exceptions to this statement are (11 the location of K433 at 8 = 2.792 and
(& ~ ¥y = 0.038 in the [3, (b — v -plot: the 8 is somewhat small for the (b — y); (2) _
the location of K1168 and possible K234 in the {m,, (b — vi)-plot. )

The individual obscrvations of K433 show a range of almost 0.15 in 3. This range is
larger than that found Tor blue straselers of comparable briuhiness. It is possible that

_—the observed HE varinion of K433 is real; and as a consequence, we have omitted this
star from subsequent discussion.

Both K234 and K1168 are fuint, and only two observations were obtained for each
star. Since no spectral pecuilarities were noted for these stars, we hesitate at this time:
to attribute any significance to the hizh m; values.

Although the location of the blue straggiers in the Strémeren four-color plots ap-
pears “normal.” we must now interpret our observations quantitatively in order to
estimate the range of stellur massez encompassed by the data. Chromey (19704 has
recently computed. from niodel-atnmosphere data. the expected vartation of 8 with
(b — vy and with ¢, Tor A- and B-type stars of ditfering gravities. The theoretical
18, (b — »]- and (3, ¢,:-plots are shown in Figures 4 and 5, in which lines of constant

T ] ! I 1 i ¢ i T /7 ]
1,000°K .~
s
’
290 L .
'
/]
/
//
2.80+— ]
£ !
//
i
17,000°K, g
270 18000°K /-~ L .

2.60

0000 .200 400 600 800 1,000
G
Fic. +—Theoretical (3. i:)-plane as computed by Chromey (1970). Note that these plots should be
used to make differential, as opposed to absolute, estimates of log g and T
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Tt and log ¢ are indicated for reference. Tt 1s essential to note that these theoretical
plots are useful primarily for estimating the dirferential variation of T and g beticeen
groups of stars. Because of small errors in the models and adopted line-blanketing coef-
ficients, we caution against using these plots for absolute determinations of these para-
meters.

For the range of late B sturs, we find from this figure that a change of 0.01 mag in
B corresponds to a change of 0.1 in log ¢, almost independently of ¢;. We can apply this
result to K1211 which has a 3 approximately .05 mag smaller than the zero-age main
sequence (ZAMSY value of 3 at ¢; = (.38 {(Crawford 1970, private communication).
This means that K1211 haz a gravity 0.3 in the log smaller than that for stars on the
ZAMS near log T.is ~ 4.1 We then estimate a value of log ¢ = 3.8 £ 0.1 for this star
since B stars near the ZAMS have log ¢ = 4.3 (Kelsall and Stromgren 1964; Ihen 1967).
From the calibration of spectral type with T.i; of Morton and Adams (1968), we deduce
alog T.i; = 4.1 = 0.03 and u bolometric correction of 0.7 £ 0.2 mag. With the derived
true distance modulus of (m — M1 = 11.0, we compute the mass of K121l as M /M- =
3.2 (4+1.8, —1.2). This mass is completely consistent with the mass of a irormal B8 star.
The luminosity at the turnoif point in NGC 7789 is log (L L) = 1.0 + 0.1, while log
T.is 3.875 = 0.015, From Iben’s (1967 evolutionary tracks, the mass of stars at turnotf
must be 3} /- ~ 1.3 with a cluster age of of 1.3 & 0.5 X 10? vears. Thus the mass of
K 1211 iz sbout twice the turnofi-point mass. As a test of the validity of our mass-deter-
mination procedure, we note that the gravity deduced from the observed HB index for
Sirius is log ¢ = 4.36 = 0.1 whereas the “"observed” value is log ¢ = 4.30 = 0.01. We
regard this agreement in log g as excellent. The mass we deduce for Sirius is M/ M5 =
2.6, which is entirely reasonable.
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Next, we can obtain from the [8. (8 — y)]-diagram (for the cooler blue stragglers)
estimates of log g, ditferential with respect to the ZAMS. From this we can again compute
the mass. In Table 6, we summarize the mass determinations for the remaining blue:

TABLE 6
MASS DETERMINATIONS FOR BLUE-STRAGGLER MEMBERS oF NGC 7789

Star fg! {g/2c} L/ Lol [Tets Tete'pl (M/Mg} M/Me
K342....... 4.1+0.0 —.35-0.1 1.84+0.1 0.242 +0.522 3.3(+2.0,—-1.2)
K409... .. 4.2+0.1 —0.2520.1 1.60=0.1 0.200 +0.35 3.5(+2.1,—-1.3)
Ki197.... ... 1.0+0.1 —.45+0.1 1.40£0.1 0. 161 +0.306 2.0(+4+1.2, -0.7)
K234....... 1.1x0.1 —0.35+£0.1 1.36-0.1 0.161 +0.3066 2.3(+1.4, —0.8)
K1168...... 4.2+0.2 —0.25+£0.2 1.44+0.2 0.181 +0.466 2.9(+42.3, —1.3)

stragglers in NGC 7789. Brackets denote logarithms of the indicated quantities. We
also plot in Figure 6 the location of the biue stragulers relative to Iben’s (1967) evolu-

L :

3.0+ ;‘\/
§M,

2.00-

3

8 1.0

el

0.0}~

-100~

- [ DR S
2.0 44 4.2 40

LOG (Te)

Tic. 6.—Location of the blue stragglers in the luminosity-efiective temperature plane. For reference,
the turnoff point of NGC 7789 is indicated as an open square. The tracks, as computed for stars of the
indicated mass, are taken from lben (1967). :

tionary tracks; this figure allows us to estimate masses from the apparent location of the
blue stragglers in the H-R diagram. Although no individual mass determination in
Table 7 is in itself convincing, our mass determinations for the six stragglers provides
compelling divdence for the statement: The mass of blue stragglers is consistent with their
observed location in the HI-R diagram. This result would appear to rule out the possibility
that blue stragglers are on the main sequence for the second time.



We next turn to the question of the binary character of the blue stragglers. The es-
sential data are summarized in Table 1. We first note that the well-observed nonmember,
K799, provides one estimate of the true mean error of a radial-velocity determination
from a single plate, namely, 27 km sec™. A further check on the accuracy of the radial
velocities is afforded by a comparison of our image-tube radial velocities with those de-
rived by Trumpler (1930) for eleven B stars in NGC 2264. The comparison gives
(Vswom — Virumpter) = —8 £ 6 km sec™!; the error refers to the accuracy of an in-
dividual observation. Finally, we note that for five G-star members of M67, (}Vsgom —
Viewed = 0+ 4 km sec™ !, Hence, we believe that 4+ 7 km sec™! is a conservative estimate
of our internal error for radial-velocity determinations. It is clear immediately from
Table 1 that the four well-observed blue stragglers have significantly higher errors per
individual velocity determination. The most likely explanation for these greater errors
is that these stars have variable radial velocities. While the velocity variations do not
provide definite proof of the binary character of the blue stragglers, our data suggest
strongty that all blue siragglers studied are probably spectroscopic binaries. We furiher
expect the rotational velocities of the blue stragglers to be relatively small as 2 conse-
quence of mass exchange and the close coupling between rotational and orbital angular
momentum (van den Hetvel 1968) in the binary syvstem. All blue stragglers in NGC
7789, with the exception of K433, have v sin ¢ 4/ 100 km sec™!, that is, less than the res-
olution of the image-tube spectrograms at 30 A mm~!. Spectrograms of K121, K409,
and K342 were obtained at 33 A mm™!; and we estimare in these cases that vsini < 70
kn sec™!. The Ca 11 K-line and hydrogen-line widths in K433 appear to be variable on
our spectrograms, as mizht be expected from the results of our H3 photometry. This
star may be a double-line binary; however, confirmation of this suspicion must await
further observation. We conclude that none of the biue stragglers have rotational
velocities greater than can be determined at our resolution. This observation is again
consistent with the binary hypothesis.

To test whether we expect on the basis of the binary hypothesis to observe velocity
variations for most blue stragglers in NGC 7789, we chose the most pessimistic case,
that of K1211. From its location in the H-R diagram, we note that it is the most massive
of the blue stragglers. Hence, its companion must presently be the least massive. As a
consequence, we expect the observed variations in velocity for this star to be a mini-
mum. As a plausible model for the initiul configuration, we take m,* = 1.7 M- and
ma® = 1.55. For the final contiguration, my = 0.5 3 and my = 2.7 M,. Defining a
as ma’m, we can compute the ratio of the present to the initial period from (sce van
den Heuvel 1968) the equation

P/Py = {ao/a[(1 + )/(1 + ag)]}?.

Adopting the above parameters, we obtain P/ Py~ 6.7. The total velocity amplitude,
2K, in km sec™4, is given by
" 208(my 4 ms)t3 sin ©
21\1 = 1/3 9 y
PU3(ms/ my )1

where i is the angle of inclination. If we adopt a mean value of sin 7 of 0.7, we find that
for our limit of detection (2K; > 30 km sec™1), the present period P is less than about
27 davs. Hence, the initial period of the binary must have been P, < 4 davs. Approxi-
mately 25 percent of field binaries have periods in this range (Abt 1961). As an extreme
example (see Refsdal and Weigert 1969) we choose m!n = 1.7 M and my® = 1.5 Mg;
my = 0.3 Mg and m» = 2.9 M,. For this case, the present period must be less than
_~ 13 dayvy For this pessimistic case, only a few percent of the initial binaries would
be expected to have periods in this range. It would appear that, unless extreme condi-
tions prevail, it is quite likely that a blue-straggler system similar to K1211 will be
detected given our sample and our observational accuracy.

We can also check to see that the number of blue stragglers is consistent with the
expected number of progenitor binary systems. We note first that all blue stragglers
formed from systems with an initial primary mass greater than ~1.7-1.8 My would
have evolved already and would now be in a later stage of evolution. Second, from the
observed luminosities as well as our deduced masses, we note that the minimum mass
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of the blue stragglers is ~2 M. On the assumption that a star of 1.7 M is not likely

to lose more than 1.4 M -, the initial mass for the original secondary must be 0.>6 M.

Hence, the initial mass ratio must be in the range 1.0 < a < 3. Approximately half the
total number of binaries in NGC 7789 should have mass ratios in this range (van den
Heuvel 1968). Furthermore. about half of these systems have appropriate initial separa-
tions (i.e., periods) for mass exchange to occur. If binary frequency in NGC 7789 is
similar to that in the Hyades, approximately 25 percent of all stars are binaries. Con-
sequently, 6 percent of all NGC 7789 members from the turnofl to approximately 2
mag (M ;M. ~ 0.6) below should form blue-straggler svstems. If the survev of Burbidge
and Sandage is reasonablv complete, there are ~330 stars occupving this region of the
H-R dld(’ldn’l, as a ruult, we would expect approximately twenty blue stragolers.
However, we estimate, using the luminosity function given in Allen (1963), that ap-
proximately 50 to 100 stars beiow the turnoff are probably held interlopers. This re-
duces the expected number of blue stragglers to the range 14-17. We observe eight biue
stragglers to be certain members. Since we have not spectroscopically tested fourteen
possible blue stragglers for membership, the total number must be in the range 8§ <
-V < 21. We consider this comparison to be reisonably consistent with the number of
blue siragglers expected.

Finally, we note that Deutsch (1969) and Peterson (1970) have examined several
stragglers in the open cluster M67. One of these stars has a definite period, while three
others are radial-velocity variables. Hence, it appears reasonable to cuzgest that mosi,
if not all, blue siragglers are members of binary systems.

1V. CONCLUSIONS

From our investigation we find that:

1. The masses deduced for blue stragzlers from Stron
melr\ are consistent with their location in the H-R @

All blue stragglers studied for radial velocity are wlocm variabies.

COHLIUblOn 1 rules out the possibility that blue straggiers are on the main sequence
for a second time during their evolutionary history. Conclusion 2 permits the following
alternates:

a) The blue stragglers are a class of newly formed main-sequence stars, all members
of which are binaries and all of which have relatively low rotational velocities.

b) The blue stragglers are produced as a result of mass exchange in close binaries.
We believe the second of these alternatives to be the more likely.
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Note added in proof:

Spectra of four additional K-giants were obtained subsequent
to the acceptance of this paper. The cluster velocity for
NGC 7789 derived from a total of 7 K-giants is -45X% 7 km/sec.
As a conseguence of this newly derived velocity, we now believe
K371 to be a probable member. The photometry of this star predicts
a mass consistent with its location along the main seguence,

entirely in keeping with the conclusion of this paper.
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On the Evolutionary Siatus of Stars Above the Horizontal
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_ Spectra of 13 slars falling above the horizontal braneh in the ¢lobular tneter 32,310 M13, and M15 and
i NGC 6712 were obtained with ithe Carnegie imaze tube spectrograph at the Kitt Peak National Ohservatory.
.2t least 11 and probably all of these stars are shown to be mendbers on the hasis of radial velocity measurements,
Of tllis‘gx?ﬁlfi:}% stars are hot enough to show lines of He 1. and to within the estimated ervors. the abundance
of helitm is approximately the same as for Pop I B-stars. These three stars are very luminous and probably
burning helitm in a shell after a second ascent of the giant branch: that i, they are probably similar in evolu-
_tionary state to the cores of planetary nebulae. There 1s some evidence that in at least two of these stars (M10
33 : Zeipel 1128 in M3) significant mixing between the surface and the interior has altered the
. . Ttis sugvestéd that the remainifig'® stars have left the horizontal branch and are burning
helium in one shell and hydrogen in anctiwer, These 8 stars are most likely the progency of stars which occupied
the very blue end of the horizontal branch. The latter are presumed to have lost a significant amount of mass.
The evolutionary lii~times of these stars above the horizontal branch are consistent with this suggestion for
their origin,
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1. Introduction

Most of the classical features of globuiar ¢luster
diagrams have alveady been relavc ve o oo
perties of theoretical models. The main eiant hraneh
has for many years been known as the vesilene: f
stars that are burning hydrogen in o slell suiside of
an inert helium core. Many features of the horizanta
branch may be accounted for by models which are
burning helium at the center and hvdrowen in a shelt,
Finally. stars on the asymprotic giant branch van b
accounted for in terms of models that are Luiming
heliwm and hydrogen in two separate shells outisie
of an inevt carbon-oxyvgen core.

In contrast, the evolutionary statns and indeed
th eluster membership of stars Ivine above the
Lorizontal branch and far to the Dluce of the main
giant braneh in globular clusters haslong been jenoped.
Althouzh their total number is not neulizible. these
stars are spread out in the color maznitwde diagrom
at such a low density that no clear ent pattern is
discernable.

As yet, no theoretical models have been published
that pass at the appropriate rates through all of the
recions occnpied by (1) bricht blue stars such as
Von Zeipel (VZ) 1128 in M3 (2) W Virginis and
BL Her stars that might scem to define a sequence
to the blue of the asymptotic hranch: and (3) stars
that are clearly not a part of the horizontal branch.
but are seattered seemingly at random in K- I
at about a maanitude ot so0 above the horizontal
branch. Are all of these stars in stages more advaneed
than those DSS (double shell source) models that
aceaunt for the asvmptotic branch ¢

It has been argued before, on the basis of surface
eomposition anomalies as well as on the basis of color
and magnitude. that the brightest blue stars, as
typiticd by VZ 1128, are indeed in a staze more
advanced than the DSS models. We concur with these
arsuments,

On the other hand .we believe that many of the
other stars ave in the DSS stage, being a part of a
large diffuse grouping that includes the asymptotic
giant branch stars. We suggest that. in addition to
the time it has already spent in the DSS stage, one
of the major parameters that distinguishes one star
from another in this group is its total mass.

* Supported inpart by the National Aeronautices andSpace
Adminstration (NGR 22.024.001 and NGL 22.009-019) and
by the Nationul Seience Foundation (GIP-11277).

** Visiting Astronomer, Kitt Peak National Ohservatory,
which is operated by the Association of Universities for
Research in Axtronomy. Inc. under contract with the National
Seienee Foundation,

*¢% Alfred I. Sloan Foundation Research Fellow.,
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H. Cluster Membership and Sarface Composition

Before embarking on a model study to explain
them, it is advisable to ensure that at least a sizeable
fraction of the stars that appear to lic above the
horizontal branch are indecd eluster members rather
than feld interlopers. Both in order to establish
membership and to identify possibly unusual com-
position features that might be expected at the sur-
faces of highly evolved stars, two of us (82) undertook
a spectroscopic survey of stars in M2 Mo, M 13,
A5, and NGO G712,

Thirteen stars located from 0.5 to 3.5 maunitudes
above the horizontal braiel were selected for study
from Arp’s (1953) survey of seven vlobular clusters,
In addition, the bricht star €26, in NG 6712
(Sandave and Smith, 1966) was chasen becanse of
it= relative accessibility to spectroscopie analysis.
The location in the color-macnitude diazram of jive
of the program stars in M3 is shown in Fig. 1.
Npeetra with a dispersion of 530 A wim were obtained
at the Kitt Peak National Observatory uxing the
Carneyie image tube spectrograph. Tvpically, these
spectra were widened to 0.2 or 0.4 mm and covered
the wavelength range 3600 to 4900 AL A spactram of
astar with I' = 13 and B-1" . 0 widened to 0.4 mm
required " an  exposure  time of approximately
90 minutes. Great care was taken to record the con-
tribution of skyv and cluster hackeround on cither
side of the stellar spectrogram: however. in all cases
these  contributions  were insienificant. A radial
velocity was obtained for cach spectrogram  fram
measurements made  with the Grant measuring
engine at the Kitt Peak National Observatory: the
error per individual velocity determination is esti-
mated to be 29 kmss(p.c.). A summary of our deduc-
ed radial velocities for each star appears in Table 1.
Also indicated in Table 1 is the cluster veloeity as
determined by Mayall (1946) and by Kinman (1959):
the ervor in the determination of a cluster velocity 7
is estimated to be approximately - 10 km s,

In all cases except those of M2 and M10, the
cluster velacity is sufficiently different from the
velocities expected for foreground stars that member-
ship can be established unambiguously. For M 13, the
case for membership is further strengthencd by the
availability of proper motions (Kadla, 1964). In alf
cases radial velocities and proper motions indicate
that our program stars are members. For M2 and
M10 we estimate, from the expected density of stars
above the plane, that the probability of finding an
intervening A or B star of the appropriate apparent
magnitude within 5 arc winutes of 1he elusicr conter
is less than 1072 (Allen. 1963). Since the stars observed
lie within 5" of the cluster center for hoth M2 and
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M 10 and. morcover, since the velocities are in good
agreement with the cluster values, we feel 1elitively
confident that these stars are indeed cluster members,
In Table 2 we present data which locates each of our
program stars velative to the appropriate cluster
horizontal branch. The cluster and star names ave
given in columns 1 and 2: in column 3 is the visual
magnitude: in column 4 is the ditference in 1" mauai-
tude between the program star and the horizoatal
branch at the (8-1) color of the prowam stav: in
column 5 is an estimated difference in (B~ 1) between
the blue end of the horizontal branch and the location
of the program star.

We give in Table 3 a description of the spectrum
for each of the stars on our program. We nots
immediately that four of these stars. Bainard 24
Von Zeipel 1128, M10 1. 33 and NGC 6712 (26 show
evidence for helium lines in their spectia, Previovs
analyses of Barnard 29 and VZ 1128 indicate that
the He line strengths in theee stars ave consistent
with a Pop I abundance.

For M 10 T, 33 no photoelectric colors are availa-
ble so that it is difficult to estimate its 1), 41 eonsa
quently th> He abundance estimate is une riai ¥
we adopt (B—T1):= +0.20 as the color at taz bl
edue of the RR Lyvac gap in MU Arp's {18557 panio-
graphic phocometey suggests (B-17), ~ - 0.2
for M10 L. 23. This color implies a spectral typ~ in
the range B0 to B3, although the appearance of the
He 1 singlets and triplets implies a type closer to B5.
In Table 4 we present the cquivalent widths devived
from our spectrozrams of M 10 1. 33 along with the-e
measured by Wright et al. (1664) for Her (B3\V). The
estimated erccor for our equivalont width values is
—209,. Since the He 1 lines reach maximum st rencth
near type B3. it would appear from this table that
the He abuvndance in M 10 1, 33 is certainly very close
to Pop I values. A more exact statement regarding
the He abundance awaits determination of more a c-
curate colors.

In the case of NGC 6712 ('26, we note that_the
unreddened color is {B—1), = —0.06, which = vg-
gests a spectral type of about B8-B9. The hetirin
line strengths shown by Popl BS8-B9 xtars aie
typically 0.2 to 0.3 A. For image tube speetra taken
at our dispersion, the limiting equivalent widths

detectable are about 0.15 to 0.2 A, Since we a 1¢ alle

to deteet He 1 23820, 4026 and 4471 in (' Z6.°we¢

estimate that the He abundance for this star s vay
close to Pop T values. No other stars inour ¢l:=civing
program are hot enough to show He lirer
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At fiest glance it anpoars that at least some
globulay cluster stars provide direst speciyosconic
evidence in favor of a hizh initial He content. Henee,
onc may be tempted to attribute the low helium
content deduced for several BHB staos 1Searle and
Rodzers, 1966, Sarwent and Scarle, 1956 Greenstein
and Minch. 1966) to gravitational settiinyg (Green-
stein ef al.. 1966). or to some as vet unknowvn mech:.
nisin which radically altevs the atmospherie com-
position relative to the intevior composition. For
Von Zeipel 1128, the spectrum susgests the possibilioe
of. Population T (or ¢reater) abundaaces tor 0 and N
and, with less certainty. for St In conteast, the cluster
metal to hvdrogen ratios are fower by a factor of 19
to 20 than typical Pop | ratios. On the basis of this
contrast, Strom and  Strom (19705 arene thed
Von Zeipel 1128 has very likely undergame extensive
mixing during its Hfetime, possibiv duving the Iate
DSS phase of it< evolutionary histiy, _

Fe woulll aposa from Tabis 3 b M by o202 s
quite similar in chava ter to VZ TE2S Ties hedo gieied
star HLD 214539 (A21h) also npoeas 1o exnibi, a
Pop I helium coatent buc i wnnsal diste’s i of
heavy clement abundaness (Pezoyiskis iy o
s high luminosity and wansuai comoscin e
west that D 214539 may be an analozn of VA LS,

For NGC 6712 (26, wo would brunahle phd e
all but very large enhaacoments in hizhe obonont
abundances. At the effective tempoeratus values ap-
propriate to type BS, lines of €', N and O cannot be
seen at our dispersions even if these elements are
present at Pop 1rabundances. In terms of its coin-
position, Barnard 29 seems to be the exception in out
group of hot. blue stars ahove the horizontal branch
that appear to have a Pop T helium abun-lanes aid
also an unusually high abundance of O and X refative
to metals. Although it apparently Los o noraal
{(Pop 1) hetium abundance, Barnard 29 has no ob-
vious abundance anomalies among the hoeovier
elements (Stoeckley and Greenstein. 1969).

Sxamination of the spectra of the other starsin
our program provides no surprises. All of the speetra
appear to be similar to those of weak line horizoatal
branch stars. The hydrogen lines are in st cases
unusually sharp, no doubt owing to low ~urface
gravities {logg ~ 1.5 to 2.0).

We also searched the spectra of all of oy pror-am
stars for any evidence of enhanced abunlancss for
s-process clements. We found none. Unfoctanaoly,
the luminous stars observed in our progoanhes T

values tan great to permit observatim of «ovaess
element speetral Haes i the visihre recier o 2
spectrum,
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In summary, all of our 13 program stars appear
to be cluster members. The bright, blue stars that
apparently have a normal (PopI) surface helium
abundance all lie more than 2 magnitudes above the
horizontal branch (see Table 2). With the exception
of Barnard 29, these stars also seem to have ah-
normally large abundances of O and N (and possibly
Si) relative to the metal abundances of other cluster
stars. All of the other stars in our sample lie between
0.8 and 1.5 magnitudes above the horizontal branch
and arc at least 0.15 mag redder in (8-17) than the
blue end of the horizontal branch. The spectra for all
of the stars in this latter group are nearly indistin-
guishable from the spectra of weak line horizontal
branch stars.

{I1. On the Location of Double Shell Nource Maodels

Having been convinced of the existence of a
cluster feature above the horizontal branch. two of
us (RI) constructed a set of DSS models for stellar
masses somewhat lower than those necessary for
describing an asymptotic branch. The input phy«ics
for the models has heen described in Iben and Rou
(1970a} (Cox-Stewart opacities ete.). Each evela-
tionary track was started at the point where the <y
first arrived on the horizontal branch. Th ..
helium burning phase and the double it <oees
phase for some of the models have adrealy bien
diseussed in Iben and Rood (19701).

The helium abundance parumeter 7 oaud the
metal abundance parameter Z have been chosn on
the basis of comparisons between model properties
and the classical features of cluster diagrams (e.o..
Iben and Rood, 1969: 1ben; Rooud, Strom and Strom
1969). The spread in the masses chosen for initial
models has been dictated by the fact that the spread
in color along observed horizontal branches (Newell,
1970) can not be matched by the evolutionary track
of a single model star of a given mass {(Iben and Rood,
1970b). Tben and Rood find that a spread in masses
on the order of 20 precent is necessary to account for
the distribution in color along the horizontal branch
of clusters such as M3 and M13.

In Fig. 2, the dashed lines marked ZAHB (Zevo
age horizontal branch) are loci joining models with
the same initial helium core mass that have just
begun to burin helium at the center under non-
degenerate conditions. Madels beginning along each
ZAHB differ only total mass (given in solar units
balow each inirial wo.lel).

7.

- "
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Evolution along each track proceeds in the diree-
tion of the arrows. The time for evolution between
two adjacent tick marks is 5 x 10° yr.

Note that within two segments of each track
{solid portions) the rate of motion along the track is
markedly slower than is the rate of motion elsewhere
(dashed portions). In the first segment, models are
burning helium at the center and hvdrogen in a shell.
In the second segment. models are burning heliu m
in one shell and hydrogen in another. -

The region containing all models that beygin on a
common ZAHB and evolve slowly while burning
helium at the center forms what we may call the 73
(horizontal branch). In both the Z = 10-3 aal
Z = 10-* cases, the HB has a luminosity width »?
about 0.2 mag.

The region containing all DSS models that
evolve slowly (relative to the evolution rate in
immediately preceding and following phases) forms
another band that is above and parallel to the
horizontal branch until it reaches the main giant
branch. We shall call the ““horizontal” portion of this
band the AHB (above hovizontal branch). In the
Z = 10"? case the AHB has a luminosity width of
about 0.5 mag and, at any color. its center lies above
the HB by about 0.9 mag. In the Z == 107 ca=e, the
AHB has a width of about 0.2 mag and its center lies
about 0.6 mag above the HB.

Note that within both the HB and the AHB. less
massive stars are on the average bluer than more
massive stars. Further, at any chosen color, the more
luminous a star is within cach hand, the less massive
it is.

The tracks of all DSS stars eventually approach
the giant branch and rise along it asvmptotically.
Thus the AHB merges smoothly into what may be
called the AGB (asymptotic giant branch). Since all
DSS tracks approach a common track at high enough
luminosity, the AGB should be funnel-shaped.

From the model tracks in Fiz. 2 we mayv arzue
that. in any cluster, the distribution of stars within
the AHB and AGB should be related to the distribu-
tion of stars along the HB. A continuous distribution
of stars along any segment of the HB ought to be
reflected in a continuous distribution along a cor-
responding segment of the AIB and AGB. Because
of the different relationship between steflar mass and
mean T, on the two branches, the distribution of
stars on the AHB will be characteristically displaced
and distorted relative to the distribution on the B,
For example. the bluest stars on the AHB should he
considerably redder than the blnest stavs on the 1113,
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The model results suggest that. if it were not for
irregularities in the original luminosity function or
in the extent of the mass loss which leads to the
actual mass distribution of stars in advanced stages,
the whole region defined by DSS models should be
as continuously populated as is the horizontal branch
{when displacement and distortion are taken properly
into account). In particular, we would not expect the
density of stars in the variable strip to be greater
than just to the red of the strip. However, since all
DSS models eventually beeeme a part of the AGB,
one micht expect the AGDB to stand out among the
features above the HB and to the left of the main
giant branch.

1V. Comparison Between Theory and Observation

On comparing our theoretical results with the
properties of our program stars, we note first that no
DSS models become brizht enough and blne enough
at the same time to account for the hrightest Llue
cluster stars such as VZ 1128 and M10 1. 33. More-
over, during both the 1113 and AHB phases of modej
evolution. no formal mixing process of any sort oe-
curs that would lead to the unusual surface abun-
dances exhibited by these brightest. blue stars.

We suggest that the brightest. blue stavs are the
progeny of the double-shell source stars on the AGB.
The recent calculations of Rose and Smith (1970§
guggest that stars of mass M < 1.1/, will cross the
region of the HR déiagram occupied by planetary
nebula central staes and by VZ 1128 and M101, 33
after nndergoing a large number of thermal “‘pulses™
on the AGB. The thermal instabilities developed
during the double shell source phase may trigger
ejection of a planetary nebula shell and or large scale
mixing. Thus, the unusual surface abundances of the
brightest blue stars may be a consequence of mixing
during the last brief stages of DSS evolution.

Turning now to our other program stars, we note
again that, in each cluster. they lie above the HB by
about 0.8 to 1.5 mag and are at least 0.15 mag redder
than the blue end of the HB. This is, of course, in
excellent qualitative agreement with the theoretical
results which show that low mass DSS stars should lie
above th HB in a band whose blue edge is redder
than the blue edze of the HB.

We have demoastrated (see Fig. 2) that the
luminosity width (1) of the band and its height (H)
above the HB should depend on the metal abundance.
Both W and /1 increase with increasing Z. Comparing

with the observed heights above the IIB {(see Table 2), .
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we might conclude that. if ¥ ~ 0.3 is a good choice,
then XZ = 10-3 is appropriate for most of our program
stars. Both W™ and H depend also on Y. It is con-
ceivable that this dependence might eventually be
made use of as an added check on estimates of Y.

It is pertinent to ask if the relative nunibers of
AHB, AGB. and HB stars are in proportion to the
corresponding theoretical lifetimes. We choose two
examples. M 13 and M92. and use Arp’s (1955) early
study as being relatively free from selection effects.
The stars in M 13 from Arp's Table I1I are shown in
Fig. 1 with the various regions of interest marked.
We estimate 5 AHB stars between — (.1 mag and
0.5 mag in color index (corresponding to ~ 0:03 to
0.65 in [B—T)). If we choose ¥ = 03 and Z ~ 10-3
as appropriate for M13. then using Figz. 2. we find
that AHB stars should originate from that region of
the HB bluer than log T. ~ 4.00 to +.05 (roughly
C.1. = 0.2 after reddening corrvections). There are
between 7 and 13 stars in this resion. The ratio of
lifetimes for stars in the two selected regions should
be (within a factor of two) between 7 5 and 13 5. The
model tracks suggest a lifetime ratio of about 2 to ]
or 3 to 2. in satisfactory accord with the observed
ratios.

Of the total of 83 HB =stars. 70 should in time
feed the AGB. the remainder feeding the AUB. In
Fig. 8 of Arp’s work there are about 15 stars that are
clearly distinguishable from the main giant branch.
Bevond the point where the two branches merge are
about 10 stars. If we assign half of these to the AGB.
as suggested by the relative lifetimes. we have a
total of about 35 AGB stars. The ratio of theoretical
lifetimes is in accord with the 70 35 ratio of “red”
HB stars to AGB stars that we have-just estimated.

We analyse M92 in the same way, but this time
assume that the Z = 10-* tracks in Fig. 2 are more
appropriate. In order to populate an AHB. stars
must first reach a point on the HB to the blue of
log T, ~ 4.05. In M92 there are no HB stars as blue
as this. Since there are also no AHB stars. theory and
observation agree again. We estimate 30 AGB stars
and 50 HB stars. The ratio of 30 30 is in satisfactory
accord with the ratio of theoretical lifetimes in the
HB and DSS phases.

Of course the number of stars in the various
regions in M13 and M92 is small and consequently
the comparison between theory and observation
cannot be exact. Nevertheless. we find the general

-agrecment tn be quite gratifying.
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In closing we comment on several observational
programs worth pursuing. (1) An effort should be
made to determine the distribution of stars between
the variable strip and the AGB. The theory suggests
that there should be a smooth gradient in star density
in this region. The fact that the density of stars in
the variable strip appears. in several published dia-
grams, to be higher than to either side of the strip is
possibly a result of selection. {2) An effort should be
made to compare the rates at which the periods of
BL Her and W Virginis stars change with time. We
suggest that BL Her stars are DSS stars evolving
slowly through the AHB. Low luminosity W Virginis
stars mayv be low mass stars originating and spending
most of their DSS life near the blue edge of the AHB.
They may be passing through the variable strip
rapidly relative to the rate at which the BL Her
stars pass. Finally. those W Virginis stars that are

_ more than 1', to 2 mag brighter than RR Lyrae

stars are probably not in the DSS phase. They may
be evolving rapidly away from the giant branch into
the region occupied by VZ 1128 stars. If so. they

* may show. in the agyregate, a distinet bias toward

decreasing periods. (3) Schwarzschild and Hiarm
(1967) and Sanders {1967} have suguested that large
quantities of s-process elements may be formed
during one of the thermal pulses of a DNS star.
Consequently. we should seek observational evidence
for s-process element enhancement in the cool DSS
stars or their descendents. The luminous W Vir stars
and the asymptotic giant branch stars are prime
candidates for such a search. Furthermore. we might
expect in these stars evidence for C: X and O enrich-
ment as a consequence of transporting material from
the core or from the hydrogen burning shell to the
surface of the star.

Conclusions

We have established that a large majority of
stars observed to lie above the HB in some globular
clusters are probably members. Using the results of
model calculations, we suggest that most of these
stars are in the DSS phase and most have probably
lost considerable mass before arriving on the hori-
zontal branch. The most luminous blue stars may
have already passed through the double-shell source
phase and have started their rapid evolution toward
white dwarf status. Stars in this most luminous
group appear from their spectra to have an unusual
surface composition which may arise from large-
scale mixing during the double-shell source phase.
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Fig. 1. The color-magnitude diagram for MI13 as given by
Arp (1955). The program stars Barnard 29. (11. 48). (IV. 52).
L3268, and L5320 are labelled. L6836 is not shown. The stars
with Ludendortf numbers are not in the region of Arp's study
and are not included in the number counts used in the dis-
cussion of lifetimes. Stars are classified into the following
groups: the main horizontal branch (HB). the above horizon-
tal branch (AHB), the asymptotic giant branch (AGB), the
red giant branch (RGB). and those stars similar to Von Zeipel
1128

Fig. 2. Evolutionary tracks for the core helium burning and
double shell source phases of models with envelope com-
positions ¥ = 0.30, Z == 10~3 and 10-*. The dashed lines
labelled ZAHB are the loci of initial horizontal branch
models with a constant core mass (0.475 ) ;). Total model
mass is indicated below the location of each initial model.
Rapid phases of evolution are represented by the dashed
portions of the tracks. The time interval between adjacent
tick marks on any track is 3 « 10 years
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Table 2. Location of program stars relative to cluster horizontal

branches
Cluster Star | AV MB-V}
M2 1. 39 15.2 —1.0 =02
IV. 96 14.6 —1.4 0.3
M3 YZ 1128 13.0 —~3.0%: —-04
M10 I.32 13.8 —-—1.3 0,15
1.33 13.5 —~21 —0O.1:
1.34 14.0 —1.0 —-0.3
M3 Barnard 284  13.0 — 3.0 ~-0.03
11,48 13.7 —~1.2 —0.35
IV, 53 13.9 — 1.0 —0.40
L326 13.9 —1.0: —4.4:
L5326 13.8 - 0.8 —0.6:
L6368 14.5 7 4
M1s IV, 50 15.1 L8 ~0.3:
NGC 6712 028 13.1 3.6 - 0.1

* Baxed on eve extrapolation of blue end of horizontal

branch.

Table

3. Description of stellar sperira

Star

Description

M2 1,59

IV. 98

M3 VZ 1128

MI0 1, 32

1.33

1,34

M13 Barnard 29

II, 48

1V, 52

1326

L326

L626

M151IV. 50

NGC 6712, C26

very sharp, fairly weak K line; H lines
have sharp mtiec; possible weak My ir
PERTY| N

A0 A2 11T T

moderately weak K Tine: H lines moder-
ately sharp: no 24451

A - A2 1

He 1. He 11 spectrum: lines of O 11. N 111,
possiblr Sl 1v

09 V (see Strom and Ntrom, 1970}

very weak K line; no 244581: no He lines;
A4077 possible AN T

Helium 1 spectrum pronounced (B3);

3995 possible: possible 4116 — 4121 blend;.

Q 11 43492 8 111 4352 very unusual spec-
trum't B3—B51b?

sharp H lines: fairly strong K line;

No 74481-wk. line-A7 — F0 TII based
mainly on K line type )
see {Stoecklev and Greenstein (1068) i~ <
Traving (1962)'H and He spectrum; B3
weak K line. H lines fairly broad: possible
weak 1471: possible broad feature at
723077 possible 24215: possibly unusual
spectrumy~iiawever,” background from
image tubé strong:from He and Ca type:
B9-A0V ‘

sharp K line present: fairly broad

H lines; no A4481; blend at 4272, 24045
possibly present; wk. line A3— A5 [11 - V.
weak K line. sharp cores to H lines; 4481
weak possibly present: A3 HI (7)

very sharp H lines; possible 24045, 44183,
/4481; looks like A5 Ih. but could very
well be weak line star of later type

looks like earlv K-giant: possibly com-
posite spectrum (%) since it has strong
blue continuum and unusual H line
strength in blue: needs further study |
possible weak He K 24371 although
neither 24026 or 23320 is present; very
weak features present at Ai4045, 214183

‘B9 A0 III-V

He 1, 23820, 4026 and ;4471 weak hnt
present; K V% -
weak f4481; e.

~

-1

FA
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Table 4. Heltum line strengths in M10 1, 33

Line \M1iold, 33 ¢ Her
3820 104

1009 (.6 0,66
4026 1.3 1.33
4120 0.33 0.22
4143 0.75 0.50
43538 0.65 057
4471 L85 24

4713 uws
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